ABSTRACT: It has been possible to create tools to predict single guide RNA (sgRNA) activity in the CRISPR/Cas9 system derived from Streptococcus pyogenes due to the large amount of data that has been generated in sgRNA library screens. However, with the discovery of additional CRISPR systems from different bacteria, which show potent activity in eukaryotic cells, the approach of generating large data sets for each of these systems to predict their activity is not tractable.
A number of groups, including ours, have assessed hundreds to thousands of single guide RNA (sgRNAs) to identify sequence features that correlate with CRISPR/Cas9 activity and have created publically available software to aid researchers in sgRNA selection. 1−9 Specifically, our initial effort, which we called sgRNA Scorer 1.0, has had over 7000 unique users representing 87 different countries worldwide since its release in July 2015, highlighting the widespread interest in and usage of the CRISPR/Cas9 technology.
Recent concurrent efforts have also been undertaken to identify CRISPR systems from other bacterial species and to assess their potency in editing eukaryotic genomes. 10, 11 However, the tractability of identifying sequence features that correlate with activity in newly discovered systems is challenging because current strategies require that a library of sgRNA sequences needs to be generated and tested for each CRISPR protein to be analyzed. Thus, a more generalized model that is able to predict sgRNA activity across a broad swath of CRISPR proteins would be of great use as it would rapidly facilitate utilization of the currently characterized CRISPR systems along with additional CRISPR systems that will undoubtedly be discovered.
We previously generated large sgRNA libraries for CRISPR/ Cas9 systems from both Streptococcus pyogenes (SpCas9) and Streptococcus thermophilus CRISPR1 (St1Cas9) and demonstrated that the model for each could predict high-and lowperforming sgRNAs from their sequence composition. 1 We hypothesized that by combining the models for SpCas9 and St1Cas9 we could generate a new model that could predict activity across multiple Cas9 orthologs and, potentially, across other CRISPR systems.
Here, we built a new combined support vector machine (SVM) model and assessed its predictive ability across three other Cas9 orthologs and a non-Cas9 system, Cpf1. Briefly, we took the sets of high-and low-activity sgRNAs for SpCas9 (133 high, 146 low) and St1Cas9 (82 high, 69 low) and merged them, resulting in sets of 215 high-activity and 215 low-activity sgRNAs. Subsequently, this final set of 430 sgRNA sequences was then used as the basis for the new SVM. 10-fold cross validation of our new model yielded an accuracy of 73.7%, a precision of 72.8%, and a recall of 75.8%, which are comparable to those of our previous individual models for SpCas9 and St1Cas9.
We first evaluated how well our new model could predict sgRNA activity for SpCas9 and St1Cas9. Using the prediction data from targeted loci sequencing that we had previously generated, 1 we rescored these sgRNAs and found that the correlation of prediction scores between our old and new models was 0.997 for SpCas9 and 0.940 for St1Cas9, suggesting that combining the data sets from the two different Cas9 orthologs did not adversely impact the predictive ability for each Cas9 (Table S1) .
We then assessed whether the new model could predict activity across other Cas9 orthologs. Indeed, we found that our new combined model not only accurately predicts activity for SpCas9 and St1Cas9 but also has strong predictive ability for Staphylococcus aureus Cas9 (SaCas9) ( Figure 1A ) as well as modest predictive ability for S. thermophilus CRISPR3 Cas9 (St3Cas9) ( Figure 1B) . However, we also found that the overall gene editing activity of Cas9 from Neisseria meningitidis (NmCas9) was relatively weak compared to that for any of the other Cas9 systems that we tested, affecting our ability to accurately assess our algorithm for this ortholog ( Figure 1C) . Comparing the editing rates of the sgRNAs predicted to have high activity across different orthologs revealed that SaCas9 showed the closest potency to SpCas9, as has been observed previously, 11, 12 whereas St3Cas9 demonstrated one-third of the median editing rate of SaCas9.
Finally, we attempted to predict guide RNA activity for a completely different CRISPR system from the Cpf1 endonuclease family. 10 Briefly, this system, unlike Cas9, has a PAM sequence (TTTN) at its 5′ end, compared to the 3′ end for Cas9. Since our SVM was based on the PAM sequence residing on the 3′ end, we applied our model in two different orientations. The first orientation applied the model directly to the spacer sequence as is (Cpf1_F), and the second orientation applied the model based on the distance of each spacer nucleotide relative to the PAM (Cpf1_R) ( Figure S1 ).
Using Acidaminococcus sp. Cpf1 (AsCpf1), we generated a series of sgRNAs predicted to be high versus low performing and quantified their gene editing efficiency for both orientations, Cpf1_F and Cpf1_R. Although the Cpf1_F based model exhibited virtually no difference between predicted high-and low-activity sgRNAs (Figure S1) , the Cpf1_R based model showed modest, but statistically insignificant, predictive ability ( Figure 1D ). Thus, it is likely a separate data set examining a large number of sgRNA sequences specifically for Cpf1 would be needed to generate a specific model for this CRISPR system; indeed, such a study has recently been published. 13 To this point, the majority of efforts to develop algorithms to predict sgRNA activity have focused on SpCas9.
1−9 This has enabled not only the development of interactive web tools to extract and score sgRNAs from a specific sequence but also the production of genome-wide libraries of theoretically highly efficient sgRNAs targeting all genes. 3,14−18 As new orthologous CRISPR systems have been identified and characterized, these software tools have been extended accordingly by enabling the selection of sgRNA sequences based on the length of the spacer and the identity of the PAM recognition site. However, to our knowledge, the predictions of activity made by SpCas9 sgRNA design tools with respect to sgRNAs for orthologous CRISPR systems have not been experimentally verified. The work reported here represents the development of the first generalized sgRNA scorer that has also had its predictions validated in human cells across multiple CRISPR/Cas9 systems. Furthermore, to enable the scientific community at large to take advantage of our improved design metrics, we have implemented a new version of our software, sgRNA Scorer 2.0 (http://crispr.med.harvard.edu/sgRNAScorerV2), which TTTN) . For Cpf1, the Cpf1_R model was used to predict high-and low-activity sgRNAs. P-values were calculated using Student's t test with unequal variance.
